Purpose. To measure the aerosolization of Mycobacterium avium subspecies hominissuis and Mycobacterium abscessus subspecies abscessus from ultrasonic humidifiers.
INTRODUCTION
Mycobacterium avium subsp. hominissuis (hereafter M. avium) and Mycobacterium abscessus subsp. abscessus (hereafter M. abscessus) are opportunistic premise plumbing pathogens (OPPPs) whose source of infection is the environment [1] . M. avium is a common cause of pulmonary disease in elderly, slender women [2] and M. abscessus appears to be an emerging pathogen of individuals with cystic fibrosis [3] . M. avium and M. abscessus are normal inhabitants of household plumbing [4] [5] [6] and M. avium infections in individuals with pulmonary disease have been traced to M. avium in household water and showerheads by DNA fingerprint comparisons [5, 6] . One other possible household source of mycobacterial aerosol infection is a humidifier. Households may have free-standing humidifiers for use in single rooms or may have a humidifying device linked with the household heating, ventilation and air condition system. In 2011, over 8 million humidifiers were shipped from manufacturers of which 20 % were ultrasonic humidifiers [7] . Ultrasonic humidifiers are rather new and offer considerable energy savings [7] making them attractive for purchase. One problem with the use of free-standing humidifiers concerns their maintenance; in particular the cleaning of the water reservoir [8] . A recent report has documented the low rate of humidifier cleaning [9] . However, in spite of rigorous cleaning, M. avium was shown to persist in a humidifier; the source of an outbreak of hypersensitivity pneumonitis [10] . As free-standing humidifiers are filled with tap water and household tap waters are likely to contain M. avium, M. abscessus and other water-borne nontuberculous mycobacteria [6] , and M. avium is concentrated in water droplets ejected by natural processes from water [11] , it is logical that humidifiers can transmit nontuberculous mycobacteria via the aerosols they produce.
Here we describe the use of the Andersen 6-Stage Cascade Sampler [12] to collect cells of mycobacterial aerosolized from an ultrasonic humidifier. The focus on the report is on aerosolized cells able to form colonies on stages 5 and 6 of the Andersen 6-Stage Cascade Sampler as the mycobacteria would be associated with droplets (i.e. <5 µm diameter) able to enter the alveoli [12] . The densities of mycobacterial cells in the humidifier's water reservoir were chosen to represent the range of nontuberculous mycobacteria typical of households; namely from 10 to 2000 to c.f.u. ml À1 [5, 6, 13] .
METHODS
Mycobacterial strains and growth M. avium subsp. hominissuis (hereafter M. avium) strains Va14 (O) (opaque colony variant) and Va14 (T) (transparent colony variant) [10] and Mycobacterium abscessus subsp. abscessus (hereafter M. abscessus) strain AAy-P-1 [6] were used in this study. Strains were grown in 50 ml M7H9 broth (Becton Dickenson, Sparks, MD) containing 0.5 % glycerol and 10 % (v/v) oleic acid albumin to log phase in a 500 ml nephalometer flask. Absorbance (540 nm) was recorded twice daily until culture reached mid-log phase.
Water-acclimation of mycobacteria Cells grown to log phase in M7H9 broth were collected by centrifugation (5000 g for 20 min). The supernatant was discarded and the pelleted cells suspended in 100 ml of sterile Blacksburg tap water. The washing process was repeated a second time and the twice-washed cells were incubated for 1 week at room temperature (water-acclimation). Following water-acclimation, colony counts were measured using serial dilutions in sterile Blacksburg tap water on M7H10 agar (Becton Dickenson, Sparks, MD) containing 0.5 % glycerol and 10 % (v/v) oleic acid albumin. Colony counts of the water-acclimated suspensions remained constant for 14 days.
Humidifier
Measurements were performed using an 'Ultrasonic 360
Humidifier' (Dorel Juvenile Group, Columbus, IN). The reservoir had a capacity of 1 l and the volume of water aerosolized (measured as volume lost from the reservoir) was 48 (4.8 %) and 135 ml (13.5 %) for 10 and 30 min of operation (respectively).
Aerosolization measurements
The humidifier and Andersen 6-Stage Cascade Sampler [11] were placed in an unventilated and sealable room of 30 m To initiate an aerosol experiment, 1000 ml of sterile or nonsterile Blacksburg tap water was inoculated to the desired final density (i.e. 10-1000 c.f.u. ml
À1
) with a water-acclimated suspension of the mycobacteria, the humidifier's reservoir filled, and each of the 6 stages in one or two Andersen samplers loaded with a Petri dish containing M7H10 agar. After the room was closed, the humidifier was turned on for 15 min. After that 15 min equilibrium period, the Andersen Sampler was turned on for 10 or 30 min. After sample collection (10 or 30 min), the humidifier and Andersen Sampler were turned off and 30 min was allowed for the dissipation of the aerosol with or without UV-irradiation. To measure the dissipation of the aerosol, the humidifier was turned on for either 10 or 30 min, the humidifier turned off for 30 min, and then a second Andersen Sampler turned on to collect the aerosolized mycobacteria remaining after 30 min of no humidifier operation.
Statistical analysis
Statistical comparisons between different experimental parameters (e.g. low versus high density or presence versus absence of normal tap water flora) were performed by Student's t-test using Instat Version 3 (GraphPad Software, San Diego, CA).
RESULTS
Aerosolization of M. abscessus subsp. abscessus For aerosolization measurements, M. abscessus cells were suspended in either nonsterile (normal flora) or sterilized Blacksburg tap water. Fortunately, the colony morphology of the M. abscessus strain is quite unique and its colonies could be clearly discriminated and counted in spite of the background of nonmycobacterial colonies from cells in nonsterile tap water. The number of M. abscessus cells in the humidifier reservoir (i.e. 25-35 c.f.u. ml
À1
) was chosen based on numbers recovered from household plumbing [5, 6] . Substantial and equal densities of M. abscessus cells (expressed as c.f.u. m À3 of room volume) were recovered from aerosols generated in 10 and 30 min by the humidifier in the absence of the normal tap water flora (Table 1) . Table 1 shows the average number of M. abscessus c.f.u. m À3 for each stage, aerosol collection duration, and suspension and includes the number of replicates for each measurement (parentheses). The high standard deviations are likely due to the tendency of cells of mycobacteria to aggregate. In spite of the wide variation in the values at each time point, a number of definite trends can be seen. Significantly greater (P<0.05, Student's t-test) numbers of M. abscessus c.f.u. were collected on stages 5 and 6 of the Andersen Sampler from suspensions without the normal tap water microbial flora, compared to those with the normal tap water microbial flora for both 10 and 30 min aerosolization periods (Table 1 ). The number of M. abscessus cells in the aerosols generated in the absence of the normal water microbial flora were approximately the same for both 10 and 30 min ( Table 1 ), suggesting that an equilibrium number of cells was achieved within the first 10 min. However, that was not the case in the presence of the normal flora, as more M. abscessus cells were found in the aerosols collected after 30 min compared to 10 min (Table 1) .
Aerosolization of M. avium subsp. hominissuis For aerosolization measurements, M. avium cells could only be suspended in sterilized Blacksburg tap water as we were unable to discriminate M. avium colonies from the background of nonmycobacterial colonies in nonsterile Blacksburg tap water. As was the case for the M. abscessus strain, the number of M. avium cells in the humidifier reservoir (i.e. 10-2000 c.f.u. ml
) was chosen based on numbers of nontuberculous mycobacteria recovered from household plumbing [5, 6, 13] . Approximately 10-fold higher numbers of M. avium cells (expressed as c.f.u. m À3 of room volume) were collected by the Andersen Sampler in 30 min (Table 2) compared to numbers of M. abscessus (Table 1) at relatively the same reservoir densities. Aerosolized numbers of the isogenic transparent (T) and opaque (O) colony variants of M. avium strain Va14 were both measured to test the hypothesis that the more hydrophobic transparent cells would be more readily aerosolized than the less hydrophobic opaque cells [11, 14] . Surprisingly, more cells of the opaque variant were collected on stages 5 and 6 compared to the transparent variant (Table 2) , although the differences were not significant (P>0.05, Student's t-test).
In addition to measuring the aerosolization of cells of the colony variants of M. avium, the effect of a 30 min period of no humidifier operation after operation (i.e. aerosol clearing) was assessed ( Table 2 ). It can be seen that the number of M. avium cells fell to 12-19 % of the values after aerosolization (Table 2) . Although all the decreases were significant (P 0.0084), substantial numbers of M. avium cells remained in the room's aerosol (Table 2 ). For safety purposes, an ultraviolet lamp was turned on remotely to sterilize the room after every series of experiments to allow entrance of personnel.
Effect of cell density on aerosolization of M. avium subsp. hominissuis To determine whether cell density had an effect on the number of M. avium strain Va14 (T) and Va14 (O) cells aerosolized by the humidifier, the reservoir was inoculated with different volumes of a dense, water-acclimated suspension to achieve a range of different final cell densities in the reservoir. The results ( Table 3 ) generally show that more M. avium Va14 (T) or Va14 (O) cells were aerosolized in 30 min from high-, compared to low-density suspensions based on colony counts from stage 6 of the Andersen Table 1 . Aerosolization of M. abscessus subsp. abscessus strain AAy-P-1 from tap water by a humidifier in the presence and absence of normal microbial flora
Andersen stage
M. abscessus strain AAy-P-1 c.f.u. m (2) 445±211 (6) 53±52 (3) a, Initial suspension=119±18 c.f.u. ml À1 (4).
b, Initial suspension=33±18 c.f.u. ml À1 (6) . Sampler. For strain Va14 (T), a 10-fold increase in reservoir cell density from low to high resulted in a significant twofold increase (P=0.0008, Student's t-test) in cells aerosolized in 30 min (Table 3) . Likewise, an 11-fold increase in Va14 (O) reservoir cell density from very low to low, resulted in a significant 40-fold increase (P=0.0035) in the number of cells aerosolized in 30 min (Table 3) . However, a 17-fold increase in Va14 (O) cell density from low to high did not increase but, in fact reduced (P<0.05, Student's t-test) the number of M. avium Va14 (O) cells aerosolized in 30 min (Table 3) .
DISCUSSION
The data reported here document that cells of two nontuberculous mycobacterial species, M. abscessus subsp. abscessus and M. avium subsp. hominissuis are readily aerosolized from an 'ultrasonic' humidifier. In as much as the cell densities in the reservoir were representative of values measured in household plumbing across the United States and Canada [5, 6, 13] , demonstration of aerosolization by the humidifier suggests that such instruments increase mycobacterial numbers in households. Although only 20 % of humidifiers available to consumers are 'ultrasonic', their energy savings and lack of knowledge about mycobacterial-aersolization potential, might lead to their purchase by persons of increased susceptibility [1] [2] [3] and their consequent infection. This finding creates a dilemma for patients with mycobacterial pulmonary disease as humidified air can relieve some of the symptoms.
In this study only a single humidifier ('ultrasonic') was used throughout and its aerosolization behaviour might not be typical. However, 1.6 million ultrasonic humidifiers are available to consumers [7] and could be purchased due to their energy savings and production of mist [7] . However, the results documented here may not reflect humidifiers that generate aerosol by evaporation or by an impeller. In fact, the aerosol coming from the 'ultrasonic' type of humidifiers is quite a bit more visually dense than that created by impeller or evaporative humidifiers. This increased aerosol density could reflect a greater proportion of small droplets; namely those of less than 5 µm diameter. That, in turn, could suggest that the 'ultrasonic' humidifiers would be more effective at delivering moist-mycobacterial laden droplets to the lung. Another factor influencing the impact of this data would be that the region for the sale of this particular humidifier brand may be restricted geographically. Thus, the data reported here might not be a useful guide for individuals purchasing humidifiers in other areas of the United States. However, the humidifier was purchased at a household products' store with numerous outlets across the United States.
Humidifier aerosols have also been shown to carry Legionella pneumophila [15] . Although the humidifier and aerosol collection device were different from those employed here, those authors also demonstrated the positive effect of numbers of humidifier reservoir c.f.u. on the number of L. pneumophila aerosolized [15] . High numbers of L. pneumophila and M. avium in humidifier aerosols is consistent with their concentration in water droplets ejected from water suspensions containing cells of those opportunistic pathogens [11] .
In addition to documenting the aerosolization of mycobacteria from a humidifier, the data provide evidence of factors influencing the extent of aerosolization. Reservoir cell density, mycobacterial species and colony type, presence of other micro-organisms ('normal flora'), and duration of aerosolization were determinants of aerosolization (Table 3) . It is possible that there is an upper limit to the effect of the density of cells in the humidifier's reservoir on the number of aerosolized cells. That phenomenon may reflect an upper limit on the transfer of mycobacterial cells from water to air, thus providing an upper limit for the aerosolization of mycobacteria. Apparently, that upper limit can be achieved quickly, based on demonstration of similar numbers of aerosolized M. abscessus cells after 10 and 30 min collection periods (Table 1) . Of some comfort is the fact that in the absence of humidifier operation, numbers of aerosolized M. avium cells fell significantly in 10 min (Table 2) . However, it is important to remember that in the absence of knowledge of the infective dose, the low numbers might result in infection in an individual with increased susceptibility; such as a patient with cystic fibrosis.
It is clear from the data that cells of M. avium subsp. hominissuis were more readily aerosolized than those of M. abscessus subsp. abscessus (Tables 1 and 2 ). We do not have an explanation for that observation because although Table 2) . Although M. avium strains of greater hydrophobicity were more concentrated in droplets ejected from water [11] , that mechanism of aerosol transfer, namely adherence of mycobacterial cells to air bubbles rising in the water column, may not be operative here. The presence of viable cells of other micro-organisms in water (i.e. Blacksburg tap water's normal flora) significantly (P<0.05, Student's t-test) reduced the number of cells of M. avium subsp. hominissuis and M. abscessus subsp. abscessus that were aerosolized (Table 1) .
Although not tested here, aerosolization of other Mycobacterium species or strains from humidifiers may be reduced by the presence of other micro-organisms. The data do not provide any clues as to how the 'normal flora' reduces mycobacterial aerosolization. We can only speculate that it could be due to a competition of mycobacterial and nonmycobacterial cells for collection in aerosolized droplets generated by ultrasonic fibration or due to a specific inhibition of mycobacterial cells in aerosolized droplets by specific nonmycobacterial species in the water reservoir. Aerosols collected from the ultrasonic humidifier filled with nonsterilized tap water did not show a preponderance of Mycobacterium spp. [16] . However, in the absence of knowledge of the microbial composition of that humidifier's reservoir water, it is impossible to explain that result. Elucidation of the mechanism of the reduction in mycobacterial aerosolization by the presence of other micro-organisms, might lead to the development of methods to reduce mycobacterial aerosolization from humidifiers.
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